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ABSTRACT 

Ceramic thermal barrier coatings (TBCs) have been developed for advanced gas turbine and diesel engine applications to 
improve engine reliability and fuel efficiency. However, durability issues of these thermal barrier coatings under high temperature 
cyclic conditions are still of major concern. The coating failure depends not only on the coating, but also on the ceramic 
sintering/creep and bond coat oxidation under the operating conditions. Novel test approaches have been established to obtain 
critical thermomechanical and thermophysical properties of the coating systems under near-realistic transient and steady state 
temperature and stress gradients encountered in advanced engine systems. This paper presents detailed experimental and modeling 
results describing processes occurring in the ZrCVYjO} thermal barrier coating systems, thus providing a framework for 
developing strategies to manage ceramic coating architecture, microstructure and properties. 


INTRODUCTION 

Ceramic thermal barrier coatings (TBCs) have received 
increasing attention for advanced gas turbine and diesel engine 
applications. The advantages of using ceramic thermal barrier 
coatings include increased engine power density, fuel efficiency, 
and improved engine reliability. As illustrated in Figure L 
because of their low thermal conductivity, thermal barrier 
coatings can provide better heat insulation for the engine system, 
thus allowing higher operating temperatures and reduced 
cooling requirements for future advanced engines. A typical 
two-layer TBC system consists of a ZrCVY^O} ceramic top 
coating and an oxidation-resistant metallic bond coat. These 
thermal barrier coating systems can be applied to the metal 
substrate either by plasma spray or by electron beam physical- 
vapor-deposition (EB-PVD) techniques. Figure 2 shows 
TBC coated engine components-a turbine vane and a diesel 
engine piston. 

Durability issues of these thermal barrier coatings under 
high temperature cyclic conditions are still of major concern, 
especially as future engine temperatures increase. The coating 
delamination failure is closely related to thermal stresses in the 
coating systems, and oxidation of the bond coat and substrate. 
Coating shrinkage cracking and ceramic modulus increase 
resulting from ceramic sintering and creep at high 


temperatures can further accelerate the coating tailure process. 
In general, the coating failure can occur when the failure 
driving force is greater than the resistance (Figure 3). Note that 
in a TBC system, coating delamination driving force increases 
whereas the resistance decreases with time due to time- and 
temperature- dependent processes. In order to fully utilize the 
TBC potential capabilities by taking into account many 
complex parameters and interactions, advanced coating design 
tools are of necessity. It is of great importance to establish 
coating life prediction models and to incorporate the dynamic 
thermo-mechanical and thermo-physical property information 
during service, as well as the failure mechanisms under near- 
realistic transient and steady state temperature and stress 
gradients encountered in the engine. 

The purpose of this paper is to address some of the 
critical issues such as ceramic sintering and creep, bond coat 
oxidation, thermal fatigue and their relevance to coating life 
prediction. Experimental testing techniques have been 
developed to characterize these thermal barrier coating 
properties and to investigate the coating failure mechanisms. 
Emphasis is placed on the dynamic changes of the coating 
thermal conductivity and elastic modulus, fatigue and creep 
interactions, and resulting failure mechanisms during the 
simulated engine tests. 
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metal substrate ceramic coating bond coat metal substrate 


Figure 1 Ceramic thermal barrier coatings provide better heat insulation and protect metal component from oxidation, thus 
allowing the design of future engines with higher operating temperatures and less cooling requirements. 




Figure 2 Plasma-sprayed Zirconia-8wt.%Y : (>( coatings on engine components of a turbine vane and a diesel engine piston. 
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Figure 3 Life prediction of thermal barrier coating systems: a dynamic approach for the dynamic systems. The coating life 
t t is determined by coating delamination driving force and resistance. 


LIFE PREDICTION ISSUES AND PROPERTY 

TESTING OF THERMAL BARRIER COATINGS 

Sintering and Creep of the Thermal Barrier Coating 
Systems- — Ceramic coating sintering and creep at high 
temperature are among the most important issues for the 
development of advanced thermal barrier coatings. It has 
long been recognized that high temperature coating 
sintering and creep effects are profound and detrimental to 
coating performance f 1-8]. Not only can sintering and creep 
result in considerable coating thermal conductivity and 
elastic modulus increase, but also can cause the coating 
shrinkage-cracking and eventually the coating spallation. 

The sintering and creep mechanisms of the porous, 
microcracked ceramic thermal barrier coatings are 
complex. The densification and deformation occurring in 
thermal barrier coatings at temperature involve the 
thermally and stress activated diffusion, and the 
mechanical compacting processes [7, 8]. At a given 
temperature, the sintering rate of the ceramic coating 
typically changes with time. Faster shrinkage rates 
are observed initially, followed by relatively constant 
and slower rates for longer sintering times. A higher 
temperature and compressive stress will lead to a 
higher sintering/creep rate. Figure 4 shows typical 
sintering and creep characteristics of a plasma-sprayed 
ZrO r 8wF7r Y : 0< coating. 


Thermal Conductivity Change Kinetics of Thermal 
Barrier Coatings— Temperature-dependent change 

kinetics of the coating thermal conductivity are among the 
most important parameters required for coating design and 
life prediction. Increase in thermal conductivity due to 
ceramic sintering can result in the reduced coating thermal 
insulation and increased bond coat/substrate oxidation. 
Therefore, determination of thermal conductivity change 
kinetics of thermal barrier coatings at high temperature, 
especially under near-realistic engine temperature and 
stress gradients, is of great importance. 

Figure 5 shows a high power C0 2 laser developed for 
investigating thermal conductivity change kinetics of the 
ceramic coating under steady-state heating conditions. 
This test rig consists of a 3.0 kW C0 2 continuous wave 
laser (wavelength 10.6 pm), a motor driven rotating test 
station and temperature measurement instruments such as 
a thermography system and infrared pyrometers. The laser 
surface heating and the backside air cooling determine 
appropriate steady-state temperature gradients across the 
coating systems. An integrating ZnSe lens combined with 
the specimen rotation can ensure a uniform laser power 
distribution for the specimen heating. Overall thermal 
conductivity changes can thus be continuously monitored 
in real time by measuring the temperature difference 
across the ceramic coating. 
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Figure 4 The sintering and creep characteristics of a plasma-sprayed Zr0 2 -Y 2 0 3 coating material, (a) Sintering and creep 
rates as a function of time determined by the dilatometer sintering technique and the laser sintering/creep 
technique. The coating low stress (0.5 MPa) creep rates obtained from the laser creep test are in good agreement 
with the coating sintering rates obtained from the dilatometer lest, (b) Stress- and temperature-dependence of the 
creep rate for a Zr0 2 -8%Y 2 C>3 thermal barrier coating (at 500 hours). 
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Figure 5 The laser high heat flux rig for determining thermal conductivity change kinetics of thermal barrier coatings. 

During the test, the ceramic surface and the metal backside temperatures are measured by infrared pyrometers. 
The metal substrate mid-point temperature can be obtained by an embedded miniature type-K thermocouple. The 
interfacial temperatures, and the actual heat flux passing through the thermal barrier coating system, are therefore 
determined under the steady-state laser heating conditions by one-dimensional (one-D) heat transfer models [9], 
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Figure 6 shows the overall thermal conductivity 
change kinetics of a 254 /j/n-thick ZiOi-YjO* thermal 
barrier coating determined by the steady-state laser heat 
flux testing. Because a thermal conductivity gradient is 
expected across the ceramic coating under the high 
thermal gradient conditions (due to the faster thermal 
conductivity increase near the ceramic surface as 
compared to near the ceramic/bond coat interface), the 
observed ceramic thermal conductivity increase reflects 
an overall effect of the conductivity change in the coating. 
From the test results shown in Figure 6. the coating 
thermal conductivity values are increased from the initial 
value of 1.0 W/m-K to 1.15 W/m-K, 1.19 W/m-K and 1.5 
W/m-K after 30 hour testing at the surface temperatures of 
990°C, 1 100°C, and 1320°C. respectively. The effects of 
heating time and temperature on the overall ceramic 
thermal conductivity are approximately described by the 
ln(k) vs. L M relationship as shown in Figure 7. The 
average slope of the Larson-Miller plot for the ZK^-YiO* 
coating was about 2.93x1 0* 5 for the thermal barrier 
coating system. 


Elastic Modulus Evolution under High Heat Flux 
Conditions — Because of the sintering densification process, 
the elastic modulus of the porous ceramic coating will 
increase under the operating conditions [8. 9). The modulus 
increase rate will depend upon the actual temperatures and 
stresses that the coating experiences. Under the high heat 
flux conditions, however, a significant elastic modulus 
gradient will be developed and evolve with time. A laser 
simulated heat flux testing demonstrated that the ceramic 
coating micro-porosity decreased with increasing laser 
testing time [8]. The porosity gradients across the coating 
thickness after laser testing were noticed and correlated to 
the measured total creep strain gradients. The elastic 
modulus change kinetics determined by the micro- 
indentation technique across the coating system are shown 
in Figure 8. The experimental data can be described by the 
following relation 


E 

E' 



1 1 - exp 



( 1 ) 


where E is the coating modulus at any given time t, E 

and £ are ceramic coating modulus values at the initial 
time and at infinitely long time, respectively, r is 

relaxation time, C f is a constant related to temperature 
and stress in the coating system. It can be seen that a 
modulus gradient was established in the coating system 
that evolved with time under the laser imposed 
temperature and stress gradients. The surface showed very 
fast modulus increase kinetics. The surface of the ceramic 
coating reached nearly the assumed final modulus value 


of 125 GPa in about 20 hours. However, a much longer 
time is required for the inner layers of the ceramic coating 
to obtain the final modulus value by laser sintering due to 
the lower temperatures and stresses under the thermal 
gradient test conditions. 



Figure 6 The overall thermal conductivity change 
kinetics of the ZrCF-YdTt thermal barrier 
coating determined by the real time laser heat 
flux testing. 
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Figure 7 Ceramic thermal conductivity 1 n ( k ) as a 
function of Larson-Miller (L - M) parameter 
( L-M =7' tm .[ln(f)+C]. where t is the healing 
time in seconds and T av< is the average 
temperature in Kelvin in the ceramic coating. 
C is a fitting constant, and C=10 in this study). 
The effects of heating time and temperature on 
the overall ceramic thermal conductivity are 
approximately described by the conductivity - 
Larson-Miller relationship. 
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Figure 8 Elastic modulus evolution in a ZrCh-Y^O* thermal barrier coating under laser heal flux sintering and creep 
conditions, (a) The elastic modulus distributions in the Zr0 2 -Y 2 0, thermal barrier coating as a function of laser 
sintering time, (b) The experimentally determined modulus change kinetics across the coating system. 


Oxidation of Bond Coats and Ceramic/Bond Coat where Aw is the specific weight gain in mg/cm 2 , and w {i is 

Adhesion — The plasma-sprayed bond coats, especially the a constant (in mg/cm 2 ) to account for the fact that the 

air plasma-sprayed bond coats, can exhibit a complicated parabolic behavior only occurs after the initial transient 

transient oxidation behavior during the early stage of period. The oxidation kinetics and Arrhenius plot of the 

oxidation due to its relatively high porosity. However, the parabolic rate constants for an air plasma-sprayed Ni- 

oxidation of these bond coals will follow approximately a 36Cr-5AI-Y bond coat are illustrated in Figure 9. The 

parabolic rate law after this transient stage. Therefore, the oxidation of bond coats can cause the interfacial damage. 

ANO* scale growth kinetics of the NiCrAlY and FeCrAlY As shown in Figure 10, the oxide scale growth at the 

type bond coats can be described by the apparent ceramic/bond coat interface initiated the cracking and 

parabolic rate constant k r using the following relationship separation at the ceramic/bond coat interface. The 

interfacial adhesion can be significantly reduced due to 
(Avv)~ = iv' + k t (2) the severe bond oxidation [10]. 
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In order to quantify the ceramic/bond coat adhesion 
after oxidation, coating pull-adhesion experiments have 
been carried out. Figure 1 1 shows a schematic diagram of 
the adhesion tester and the specimen configuration. In the 
test, a 25.4 mm diameter specimen with an interfacial 
center penny-shaped flaw (flaw diameter 2 a = 4,366mm) 
is pre-oxidized and then tested in the adhesion tester. The 
load is gradually increased and the critical load for coating 
de-bonding is recorded. The energy release rate for this 
specimen configuration can be expressed by 

. b : -d 2 

G = 2ne(\+E )( )ao (3) 

d 

where 


e = — In 
In 


( (3-4 vjE +E m N 
E +(3-4t> )E 


1 (b + d 

— In 

2 K \b-d 


(3a) 


b = — 
2n 


r \-v 1-u ^ 


b = — 
4 K 


E 


1 - 2v 1 - 2v 


(3b) 


(3c) 


and £ ( , i> ( .. E nr v,„ are the Young's moduli and Poisson's 
ratios for the ceramic coating and metal substrate, 
respectively. The test results for a Zr02~8%Y20y 
Ni-36Cr-5Al-Y bond coat system oxidized at 1 l()() D C are 
shown in Figure 1 2. 


Temperature, °C 



1/T10 4 , K 1 

Figure 9 The oxidation kinetics of an air plasma-sprayed Ni-36Cr-5Al-Y bond coat determined by thermogravi metric 
analysis (TGA). 
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(a) 



(b) 


Figure 10 Bond coat oxidation induced coating delamination and spallation, (a) The coating cracking and separation at the 
ceramic/bond coat interface in a ZrO : -8wt%Y 2 OyNiCrA!Y bond coat/lN792 substrate system, after 50 hour 
furnace oxidation at 1100°C in air. (b) The ceramic coating delaminalion and buckling in a Zr() 2 - 
8wt%Y 2 OyNiCrAlY bond coat/CMSX-4 substrate system due to the reduced interfacial adhesion, after 35 hour 
laser high heat flux testing (interface temperature approximately 1 100°C). 
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Figure 1 1 Schematic diagram showing the adhesion tester and specimen configurations. 
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Figure 12 Ceramic/bond coat interfacial fracture energy as a function of oxidation time for a ZrO r 8^Y 2 OyNi-36Cr-5Al-Y 
bond coat/CMSX-4 substrate system oxidized at 1 10() U C. (Mechanical properties used for the critical energy 
release rate calculation: £, = M)GPa, E„, = 190 GPa, U = 0.25. v,„ = 0.27). 
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Thermal Fatigue Behavior of Thermal Barrier 
Coatings — Thermal barrier coating systems experience 
severe thermal fatigue during engine operation. The thermal 
fatigue results from the thermal stresses from thermal 
cycling and/or thermal transients encountered in an engine. 
The coating thermal fatigue failure is related not only to 
coating thermal expansion mismatch, and oxidation of the 
bond coats and substrates, but also to the steep thermal 
stress gradients induced in the coating systems. 

Thermal fatigue behavior of thermal barrier coatings 
has been thoroughly investigated under simulated diesel 
engine thermal transients [11, 12]. in a diesel engine, 
typically two types of thermal fatigue transients exist. The 
first type of transient, which is associated with the start/stop 
and no-load/full-load engine cycle, generates thermal low 
cycle fatigue (LCF) in the coating system. The second 
transient type, which is associated with the in-cylinder 
combustion process, generates a thermal high cycle fatigue 
(HCF) with typical frequency on the order of 10 Hz (i.e., 
1000-2600 RPM). The HCF transient can induce a 
temperature fluctuation of more than 200°C that will be 
superimposed onto the steady-state engine temperature at 
the coating surface. Under the complex thermal LCF and 
HCF conditions, the LCF mechanism in the thermal barrier 
coatings is primarily associated with the coating sintering 
and creep at high temperature, whereas the HCF 
mechanism is closely associated with the cyclic stresses 
originating from the high frequency temperature fluctuation 
at the ceramic coating surface. The sintering and creep 
strains in the ceramic coating under high temperature 
thermal gradient conditions will lead to a tensile stress state 
during cooling, thus providing the major driving force for 
the vertical crack growth under LCF conditions. The HCF 
thermal loads act on the crack by a wedging mechanism, 
resulting in the accelerated crack growth and coating 
delaminations [12]. Figure 13 shows a typical surface 
vertical crack propagation near the ceramic/bond coat 
interface, and initiating the coating delamination. 


The crack growth behavior of the ceramic coatings has 
been determined under laser simulated LCF and HCF 
conditions [6. 12]. During a superimposed thermal 
LCF-HCF testing, the surface vertical crack in the thick 
thermal barrier coating can propagate under both LCF and 
HCF loads according to [ 1 2] 

&) = c ' y + 1 c ; y' dN ,*‘ < 4 > 

where a is the crack length, m, C 7 and C 2 are constants, 
N*hcf is the characteristic HCF number, AK {LC f and 
AKihcf are stress intensity factor amplitudes of the crack 
under LCF and HCF loads, respectively. The stress 
intensity factor amplitudes are functions of crack 
geometry, crack length, stress magnitudes and 
distributions, thus being closely associated with the 
coating sintering, creep, oxidation and related material 
property changes. 

As shown in Figure 14, the measured crack length in 
the ceramic coating system increases with the LCF cycle 
number and surface temperature. The HCF component 
further increases the overall coating crack length. The 
fatigue crack growth rate in the ceramic coating strongly 
depends on the characteristic HCF cycle number, N* HC f , 
which is defined as HCF cycle numbers per LCF cycle. 
As illustrated in Figure 15, the average fatigue crack 
growth rate increases with the characteristic HCF cycle 
number. The increased crack growth rate in the ceramic 
coating with characteristic cycle number is attributed to 
the HCF interaction effect and increased sintering effect 
due to longer heating cycle or higher temperature. The 
experiments demonstrate the strong interactions between 
LCF, HCF, ceramic coating sintering and creep. 



Figure 13 A surface vertical crack propagation and coating delamination under the laser heat flux induced thermal 
fatigure loads. 
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Figure 14 The crack length (normalized to the coating thickness) as functions of LCF and characteristic HCF numbers. For 
given LCF and HCF cycle numbers, longer crack length was obtained at surface temperature 950°C as compared 
at 850°C. The crack growth rates with respect to LCF cycle are assumed to be linear under various LCF and HCF 
test conditions, and therefore is represented by the slopes ol these straight lines. 
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Figure 15 Crack growth rate as a function of characteristic HCF cycle number (HCF numbers per LCF cycle), N H( f . 

With the fixed HCF frequency, the increased crack growth rate in the ceramic coating with characteristic cycle 
number is attributed to the pure HCF interaction effect and increased sintering ellect due to longer heating cycle 
or higher temperature. 
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CONCLUDING REMARKS 

This paper presents important thermal barrier coating 
design and life prediction issues such as ceramic sintering 
and creep, thermal conductivity and elastic modulus 
change kinetics, bond coat oxidation and the ceramic 
coating thermal fatigue. Experimental techniques have 
been developed to characterize important thermo-physical 
and thermo-mechanical properties of thermal barrier 
coating systems, and to investigate the failure mechanisms 
under near-realistic engine conditions. The test results will 
help to better understand the coating failure processes and 
establish mechanism- and thermal fatigue-based coating 
life prediction models. 
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